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The processes pp — > 7 + heavy-flavour jet(s) + X and pp — > 7 + heavy-flavour jet(s) + X are studied 
in the framework of a special two-Higgs-doublet model, the MCPM. As distinguishing feature of 
this model we find that radiative Higgs-boson production and decay lead to heavy flavour c jets but 
no b jets in the above processes. Thus, the prediction is that b jets should be given by the normal 
QCD processes whereas for c jets an excess over the QCD expectation should occur. We present 
results both for Tevatron and LHC energies. 

o 
o 

o 

1. INTRODUCTION 

Q 

— |- Two-Higgs-doublet models (THDMs) have been studied extensively since many years (see [U[2[31|3J|SJEJ|7J|HJ 
[g] [TU1 [HI 1121 [131 HU HSl [HI [I7J HH HH [ID] and references therein). These models provide a simple extension of 

the Standard Model of particle physics (SM) with a rich phenomenology due to the extended Higgs sector. In our 

group we have studied various aspects of the general multi-Higgs models and THDMs in particular [211 1221 E3J [24] . 

A special two-Higgs doublet model, the maximally- CP-symmetric model (MCPM), was introduced in |251 126] . The 

phenomenology of the MCPM for high-energy proton-antiproton and proton-proton collisions was developed in detail 
. 

(— I in |27] . In the present article we continue the discussion of the MCPM phenomenology in view of processes involving 
l— "™ 1 real photons plus heavy flavour jets in the final state. That is, we consider the processes 

p + p — ► 7 + heavy-flavour jet(s) + X , (1) 

fNJ relevant for the Tevatron physics, and 

p + p — > 7 + heavy-flavour jet(s) + X (2) 



relevant for the LHC. 

The general motivation for the MCPM is summarised in [37] . This will not be repeated her since the present paper 
is a direct continuation of this work. Let us recall from [37] that in the MCPM we have - as in every THDM - five 



> 

X 



physical Higgs bosons, three neutral ones and a charged pair: 

p', h\ h", H ± . (3) 
Distinguishing features of the MCPM as discussed in [37] are as follows. 

• The Higgs bosons h! , h", and H ± couple exclusively to the second fermion family {y^ , p, c, s), but with coupling 
constants proportional to the masses of the third fermion family (y r , r, t, b). 

• For Higgs-boson masses below about 300 GeV the p' behaves essentially as the Higgs boson p' SM of the SM. 

• The main decays of the other Higgs bosons are 

h' — > cc, h" — > cc, H+ — >cs, H~ — >sc. (4) 
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2 RADIATIVE PRODUCTION OF H ± AND H± RADIATIVE DECAY 

The main production modes of these Higgs bosons in high energy pp and pp collisions are Drell-Yan-type 
processes, that is, quark-antiquark fusion giving a Higgs boson. 




H 





(a) 



(b) 



FIG. 1: (a): Drell-Yan process for production of a Higgs-boson H~ by sc fusion followed by the decay 
H ~ — > sc. (b) : Drell-Yan process for production of the Higgs-bosons b! and h" with qq fusion where q = s 
and c. This is followed by the decays h' — ► cc and h" — > cc, respectively. 



In Fig 



la 



we show the diagram for the Drell-Yan production of the H followed by its main decay for pp collisions. 
For pp collisions one just has to replace p by p. For the H + production and decay the replacements s — > s and c — > c 



have to be made. In Fig. lb the Drell-Yan production processes of h! and h" are shown followed by their main decays. 
The cross sections for these processes were calculated in [27]. For Higgs-boson masses of 100 to 300 GeV we find cross 
sections of order 300 to 1 pb for pp collisions at cm energy 1.96 TeV. For pp collisions at cm. energy 14 TeV these 
cross sections are of order 5000 to 500 pb. All these are relatively large cross sections. 

The aim of the present article is to calculate the processes as shown in Figs. [Ta| and [Tb] but with the additional 
emission of a real photon. Clearly, this will lead to a photon plus one or two charm-quark jets in the final state. The 
distinguishing feature of the MCPM is that, as far as heavy quark flavours are concerned, only charm-quark jets are 
produced by this mechanism, no bottom-quark jets. 

Our paper is organised as follows. In Sect. [2] we discuss the radiative production and the radiative decay of H^. 
The analogous processes for the neutral Higgs bosons h' and h" are studied in Sect. [3] In Sect. [1] we present numerical 
results. In Sect.[5]we discuss the possible relevance of our results in view of experimental results [55] from the Tevatron 
and we present our conclusions. The appendix contains details of our calculations. All our notations and kinematic 
conventions are the same as in [27] and follow 291. 



2. RADIATIVE PRODUCTION OF tf± AND H± RADIATIVE DECAY 



In this section we discuss first the real photon emission in H~ production and decay as shown in Fig. la Treating 
the s and c quarks as on-shell particles we have in lowest order of the electromagnetic coupling e = \/4ira cm five 
possibilities to attach a photon line to the basic diagram of Fig. [la] This is shown in Fig. [2] In the following we shall 
always work in the narrow width approximation for the Higgs bosons. Then the diagrams of Fig. [2] can be considered 
as representing two distinct processes. We have firstly the radiative production of a real H~ 

sip'x) + c(p' 2 ) — H~(ki) + 7 (fc 2 ) ■ (5) 

The H~ decays then to a sc quark pair H~ — ► sc. The diagrams (a), (b), and (c) of Fig. [2] contribute to (J5|. 
Secondly, we have the Drell-Yan production of a real H~ which then decays to SC7: 

H-{k x ) — » s(p[) + c(p' 2 ) + 7(fca) . (6) 

To ^ the diagrams (c), (d), and (e) of Fig. [^contribute. 

In this section we shall give the results for the processes ^ and ^ . The details of the calculation are given in 
appendix [X] 
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2.1 Radiative H ± production 
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(d) (e) 
FIG. 2: The five diagrams for real photon emission in the basic Drell-Yan process of H~ production and decay of 



Fig. la 



2.1. Radiative H production 

The transition rate for radiative H~ production ^ is easily calculated. We get 

11 11 



dT(s(pi) + c(p' 2 ) -> H-(h) + 7 (fca)) = 



V 2p?2p'° (2tt) 2 4iV c 2 



x T^ip'^^k^ipi+p'.-h-k,)^-^-, (7) 



where iV c = 3 is the number of colours, V is the normalisation volume, and the function Ip s is given in appendix |a| 
Using ([7]) we can, in the usual way, see for instance [23], calculate the Drell-Yan production of H~ + 7 in pp collisions 



p(pi)+p(p 2 ) — ► H (fcx) + 7(Aa) + X . 
We get for the cross section (for cm. energy squared s = (pi + P2) 2 3> the following 

*r(p(pi)+p(P2) — ff-(fc 1 ) + 7 (fc 2 ) + Y) = ^^^p 
1 1 

x dx x dx 2 \—NP(x 1 )—Ni(x 2 )l" {x x pi,x 2 p 2 , h, k 2 ) H Ni(x 1 )—NP(x 2 )l" (x 2 p 2 ,x 1 p 1 ,k 1 ,k 2 ) 

J J [xi X 2 Xi x 2 





(8) 



x <5 (4 )(:eiPi + x 2 p 2 - ki - k 2 ) 



d 3 fci d 3 k 2 



(9) 



Here N?(x) and N%(x) are the usual parton distribution functions (pdf's) at the cm. energy scale y/s considered. 
In a similar way we can calculate the cross section for the H + production in pp collisions 



p(pi)+p(Pa)— > J tf+(fc 1 ) + 7 (fc 2 ) + Y. 



(10) 



Here the basic process is 



s(p'i) + c(p' 2 ) — ► i/ + (fc 1 ) + 7 (fc 2 ) 



(11) 
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2.2 Radiative decays of H T 



2 RADIATIVE PRODUCTION OF H± AND H± RADIATIVE DECAY 



The cross section for (10) is given by 



da(p( Pl )+p(p 2 ) — » H+M)+l(k 2 )+X) 



1 1 1 



2s 4JV C 2 (2tt) 2 
i l 

X [dxi I dx 2 \ — Nf( Xl )— NP(x2)lii + (x lPl ,x 2 P2,k 1 ,k 2 ) + — N*(xi) — N§(x 2 )lf c + (x 2 p 2 ,x lPu ki,k 2 ) 







Xj 



x 2 



x 1 



x 2 



x S i4) (x lPl + x 2 p 2 - h - k 2 ) d -^- < ^- , (12) 



where, as shown in appendix [K\ 



i" + (p'i ,p' 2 MM) = iff {p' x , v ' 2 MM) 



For the processes 

P(pi)+P(p 2 )— iJ T (fci) + 7(fc 2 )+^ 
the cross sections read as in ^ and (12 1 with the replacements 



2Vf — iV* JVf — JVJ : 



(13) 



(14) 



(15) 



where q — s,c. 

In Sect. @ we shall give numerical results for the distributions in the transverse photon momentum p£ = |ki2T I f° r 
the processes considered above. 



2.2. Radiative decays of 



Here we study the decays 



and 



H+M) — ► 5(p£)+c(p&)+ 7 (* a ) . 
The calculations presented in appendix [A] give for the differential decay rates 

1 1 



dT(H-M)^ s(pi)+c(p' 2 )+7(fc 2 )) 



2771^- (2?r) 5 



iff {p'x^MM) 



cf4W / / n^Vi rf3 P2 d 3 k 

5 (4) (pi +p 2 + fc 2 -fci) o j: 1 o j; 2 ^T 



2pf 2pf 2k% 



(16) 



(17) 



(18) 



dT(H+M) -> «(pi) + C (P 2 ) + 7(fc 2 )) = 



2m H+ (2tt) 5 



-Ti ^ + (Pi,P 2 ,^l,fc 2 ) 



5 (4) (P'l +P2 + k 2 ~k 1 ) J' Jl -j 



2pf 2pf 2fc° 



Here the CP and crossing symmetry relations give (see appendix [A| 



fH- 



(Pi,P 2 ,ki,k 2 ) = I Sc (p[,p 2 , k ly k 2 ) = I s£ {p' 1 ,p' 2 M-,-k 2 ) 



(19) 



(20) 



with k\ — p' x + p' 2 + k 2 due to energy-momentum conservation. 

In Sect. |2] we shall use (|18| and (|19|) to get the contribution to the 7 flux from the ordinary Drell-Yan production 



of H and H + followed by the radiative decays (16 1 and (17), respectively 
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2.2 Radiative decays of H T 



3 RADIATIVE PRODUCTION AND RADIATIVE DECAY OF h' AND k 




3. RADIATIVE PRODUCTION AND RADIATIVE DECAY OF ti AND h 



The Drell-Yan production of h! and h" followed by the main decay of these bosons is shown in Fig. lb The 
corresponding diagrams for the process with emission of a real photon in addition are shown in Fig. [3| 

We use the narrow width approximation for h! and h" as for H ± . The diagrams (a) and (b) of Fig. [3] correspond 
then to the production of a real h' and h" which subsequently decays to a cc pair 



«(pi) + 9&) — &(*i)+7(*a)- 



(21) 



Here and in the following we write generically h for h! and h". The diagrams (c) and (d) of Fig. [3] correspond to the 
ordinary Drell-Yan production of h followed by the radiative decay 

h(h) — > c{p' l ) + c{p' 2 )+ 1 {k 2 ). (22) 

The calculations for the process pT| ) are straightforward; see appendix [A] The results for the process 

Pfa.) + P{P2) — > Kkx) + 7 (fc 2 ) + X (23) 

are as follows: 



da(p( Pl ) +p(p 2 ) — > h{kt) + j(k 2 ) + X) = 



1 1 



1 



2s 47V C 2 (2tt) 



1 1 

J dxi J c?x 2 | 



— N%(xi)—M(x 2 )Iqg(xiPi,X2p2,h,k2) + — N$(xi) — N*{xz)I%{x2j>2, X xP x, fc 2 ) 



x <^ 4 )(:Kipi + X2P2 — ki — k 2 ) 



d 3 h d 3 k 2 



(24) 



The functions are given in (A. 12 1 and (A. 13 1. 
For the radiative decays 



fe(fel) — ► q( Pl ) + <j(p' 2 ) + l(k 2 ) 



(25) 
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4 NUMERICAL RESULTS 



cross section [pb] 




m H-,h',h" [GeV] 



FIG. 4: Total cross sections for radiative Higgs-boson production and decay as functions of the Higgs-boson masses. 
The results are for Tevatron (lower curves) and LHC (upper curves) energies, 1.96 and 14 TeV, respectively. 



with q = s, c we get 



1 1 r/ 3 r/ i7 3 r/ r7 3 A-n 

dr(Mfci) - g(pi) + g(p' 2 ) + 7(fc 2 )) - ^M^MM^Xp'x + P2 + - M^^Sra ■ (26) 



Here we have from appendix [A] 



Iqq(Pi>P2> h,ks) = l \qd>\,Vi, h, ~k 2 ) • (27) 



4. NUMERICAL RESULTS 

In this section we present the numerical results for radiative Higgs-boson production and decay at Tevatron and 
LHC. As discussed in the introduction our calculation is performed in the narrow width approximation for the Higgs 
bosons. Then we always have two contributions which must be added incoherently: on the one hand we have Drell- 
Yan production of a single Higgs boson with its subsequent radiative decay into a quark pair and a photon. On the 
other hand we have radiative Higgs-boson production with subsequent decay of the Higgs boson into a quark pair. 

In Fig.jijwe present the total cross sections calculated for the Tevatron (y/s — 1.96 TeV) and the LHC (y/s — 14 TeV) 
energies as functions of the Higgs-boson masses. For pp collisions the H + and H~ cross sections are equal; for pp 
collisions they are practically the same, since the s and s as well as the c and c pdf 's are nearly equal. In order to avoid 
collinear and soft regions in phase space we apply a cut on the invariant scalar products of the relevant momenta p 
contracted with the photon momentum 

(p k 2 ) > fi , (28) 

where p stands for all initial and final state quark momenta as well as for the momentum of the Higgs-boson, 
p = p'i,P2, k\. We fix this minimal cut to /i = 100 GeV 2 . Note that in the limit of vanishing masses for the s- and 
c-quarks the cross sections for radiative b! and h" production are equal; see appendix |Aj With increasing Higgs-boson 
masses we find a steep decrease of the total cross sections over several orders of magnitude. For the Tevatron we get, 
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4 NUMERICAL RESULTS 



do- 

[pb/GeV] 

d p T y 




FIG. 5: Differential cross section da/dpT^ for radiative Higgs-boson production and decay at LHC (upper pair of 
curves) and Tevatron energies (lower pair of curves). The Higgs-boson mass is set to win- Ih 1 lh" = 100 GeV. 



due to the much smaller available phase space, lower cross sections compared to those for the LHC. Nevertheless, even 
for the Tevatron energies the cross sections are not tiny, that is, above 0.1 pb for Higgs-boson masses below 200 GeV. 
At LHC energies the cross sections are larger than 0.1 pb for Higgs-boson masses up to about 600 GeV. Of course, the 
results depend strongly on the cut in the invariant scalar products, as discussed below. Note that the cross sections 
for the neutral Higgs bosons are larger than those for H~ by a factor of about two. This is due to the fact that for H~ 
production only sc annihilation but for h! and h" both, ss and cc annihilation, contribute in proton-proton (LHC) 
respectively proton-antiproton (Tevatron) collisions; compare ([9| with (24 1. But the cross sections for H~ and H + 
production taken together are similar to the individual cross sections for h! and h" . By a comparison of the radiative 
Higgs-boson cross sections to the Drell-Yan cross sections as discussed in [27] we find, as expected, the radiative cross 
sections suppressed by factors of order a cm - 

In Figs. [5] and [6] we study the differential cross section da/dp^, with respect to the transverse momentum of the 
photon. In Fig. [5] Higgs-boson masses of 100 GeV are assumed whereas in Fig. [6] we assume Higgs-boson masses 
of 200 GeV. Again a minimal invariant cut (28 1 with fi = 100 GeV 2 is applied which leads to the suppression of 
the differential cross section for very low transverse momentum p^,, that is, below a few GeV. For increasing p2, we 
find decreasing cross sections, as expected. An interesting feature of the distributions is the kink at large pT^ 
which is due to the fact that we have two contributions, the radiative Higgs-boson production and the Drell-Yan 
single Higgs-boson production with subsequent radiative decay. In our calculation we only consider the lowest order 
Drell-Yan single Higgs-boson production and neglect the transverse momenta of the quarks in the initial proton 
and antiproton. Then the transverse momentum of the singly produced Higgs boson is zero. It is clear that in the 
subsequent radiative decays of these Higgs bosons there is a maximal value for p^,, essentially half the Higgs-boson 
mass. Due to the cuts (28 1 this kinematic restriction is transformed into the kink at lower pT^ seen in Figs. [5] and 
[6] For values of p7p above the kink in essence only radiative Higgs-boson production, that is, the processes (|5]), ( [TT) 
and (21) contribute. In reality the kink will be washed out for several reasons: nonzero transverse momenta of the 
initial quarks; contributions to the Drell-Yan process at higher order in the strong coupling parameter a s ; finite width 
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4 NUMERICAL RESULTS 



do- 

[pb/GeV] 

d p T y 




FIG. 6: Differential cross section da/dpT^ for radiative Higgs-boson production and decay at LHC (upper pair of 
curves) and Tevatron energies (lower pair of curves). The Higgs-boson mass is set to win- Ih 1 lh" = 200 GeV. 

effects of the Higgs bosons. 

cross section [pb] 

15 - \ 

10 - \ 
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FIG. 7: Cross section for the charged Higgs-boson production a(p + p — ► H + 7 + X) at -Js = 14 TeV as function 
of the the minimal invariant cut /1 defined in (28 1. The charged Higgs-boson mass is set to m#- = 200 GeV. 



Finally, we study in Fig. [7] the dependence of the cross sections on the invariant cut fj, (281. As an example we show 
the radiative production cross section of a charged Higgs boson via the process p + p — > H~ + 7 + X at y/s = 14 TeV 
as function of fi. As expected we get a steeply increasing cross section with decreasing cut parameter /i. Of course, 
the singularity in the limit of vanishing /1 is not physical and would be absorbed by the corresponding virtual photon 
corrections to p + p — > H~ + X. In an experimental analysis of the processes ([T]) and ([2]) energy cuts and isolation 
cuts for the photon must reflect the real experimental conditions. Since such cuts are different for each experiment we 



have used here only the simple /1 cut ( 28 1 . But with the formulas given in the appendix any cuts can be implemented 



in a Monte Carlo program for experimental analysis. 
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5 CONCLUSIONS 




FIG. 8: Some typical QCD diagrams for processes contributing to p + p — > heavy flavour jet(s) + 7 + X. 




(a) (b) 

FIG. 9: (a): Example of a diagram giving a higher order QCD correction to the Drell-Yan production of h' and h" . 
(b): Example of a diagram where a Higgs boson h! or h" is produced in a cq collision where q can be any quark 

flavour. These Higgs bosons may then decay radiatively. 

5. CONCLUSIONS 

In this article we have calculated the simplest processes contributing to radiative Higgs-boson production and decay 
in the MCPM for pp and pp collisions at high energies. As an interesting signal obtainable form these processes for 
experiments we discussed the inclusive production of heavy flavour jet(s) plus a real photon, see and pj. In the 
MCPM only c-quark, no fo-quark jets are produced from the Higgs channels. Of course, processes and ([2| also 
occur due to Standard Model QCD effects. Some diagrams for processes contributing in pp collisions are shown in 
Fig. [8] For pp collisions one just has to replace p by p. These QCD processes are a background to the Higgs-boson 
processes (see Figs. [2] and [3]) studied in the present paper. 

Let us emphasise as distinguishing feature of the MCPM that we predict only c and c quark jets from the Higgs- 
boson channels. Thus, the b and b jets in the processes (JT|) and ^ should show Standard Model QCD behaviour. 
In contrast, there should be a surplus of c and c jets over the QCD expectation. We note that due to different final 
states there is no interference of the diagrams of Figs. [2] and [3] with the dominant QCD diagrams, examples of which 
are given in Fig. [8] Thus, the QCD and Higgs-boson mediated contributions of the processes ([lj and Q must be 
added incoherently. 

We found cross sections of order 0.1 to 50 pb for the radiative Higgs-boson production at the Tevatron energy 
^/s = 1.96 TeV. But only for rather light Higgs bosons the cross section exceeds 1 pb; see Fig. [4] In contrast, at 
y/s = 14 TeV to be reached at the LHC we predict large cross sections even for rather heavy Higgs bosons. For 
instance for Higgs-boson masses h', h", H ± of about 400 GeV we get cross sections exceeding 1 pb. For an integrated 
luminosity of 100 fb _1 at LHC this corresponds to at least 100,000 Higgs bosons being either produced radiatively or 
being produced and then decaying radiatively. Even if one order of magnitude of this number of Higgs bosons is lost 
due to the separation of the signal from the background this is still a sizable number which should be detectable at 
the LHC. 
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Let us note that recently experimental results for process ([TJ were published by the DO collaboration at Fermilab [25] . 
This collaboration observes an excess over the QCD expectation for the cross section a(pp — ► 7 + c + X) for photons 
with a transverse momentum exceeding 70 GeV. In contrast, no such excess is observed for the analogous process 
cr(pp — > 7 + 6 + A). Qualitatively this finding is as expected in the MCPM. But what about the quantitative aspects? 
First of all we must mention that the statistical significance of the excess in the charm channel is only about 1.6 to 
2.2a. Thus, the effect may well go away with further measurements. But, for the sake of argument, let us take the 
observed charm jet excess seriously and try to see if it could have anything to to with the MCPM. The excess cross 
section da jdp\ which one can deduce from Table I of is of the order of 0.02 pb/GeV for — 70 to 90 GeV. 
Comparing with our Figs. [5] and [6] we see that we find cross sections of this level only for p^ < 20 (10) GeV for 
a Higgs-boson mass of 100 (200) GeV. Thus, our calculated cross sections seems too low compared to the findings 
of |28j . But we have to keep in mind several points before we can draw definite conclusions. 

We used different cuts in our calculations compared to the experiments. We would invite the experimentalists to 
use our formulas as given in the appendix and to include the processes studied in this paper into their Monte Carlo 
programs. Then all their experimental cuts can be implemented appropriately. 

In the MCPM there are also further mechanisms which will contribute to the process ([lj. We have higher order 
QCD corrections to the Drell-Yan production of the Higgs bosons, see Fig. [9a] These processes are suppressed by 
a factor a s relative to the leading order Drell-Yan process. But, clearly, diagrams as shown in Fig. [9a] will lead to 
Higgs bosons produced at substantial values of px- Then, the radiative decay of these Higgs bosons will lead to 
photons of much higher p7^ than from the leading order process. Furthermore there is the possibility of a sort of 



Higgs-strahlung process in pp collisions. An example in shown in Fig. 9b Since the coupling of the c quark to h! and 
h" is of order 1 the rates for such processes could be quite large. Clearly, for such processes there are the analogous 
radiative production ones which will also contribute to ([TJ. 

In summary we can say the following concerning the findings of [28] . If the charm excess seen is real and confirmed 
by further experiments it is not excluded that it may have something to do with Higgs-boson production in the 
MCPM. Our calculations of the cross sections and the p^ distributions for the processes ([TJ and ^ must be 
considered as giving only lower limits for these quantities in the MCPM. We have identified above various channels 
which will also contribute but still have to be calculated theoretically. Nonetheless we can say that - at least to us - 
the magnitude of the effects calculated so far looks interesting for the Tevatron experiments. Thus, a study of the 
invariant mass distributions of the channels cc, cs, sc, ccj, CS7, and scj could be interesting. 

We hope that our remarks will be useful to experimentalists and will induce them to study further heavy flavour 
jet(s) plus photon inclusive production in pp and pp collisions at the Tevatron and the LHC, respectively. 
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APPENDIX A 

Here we give some details of the calculation for the radiative production and radiative decays of h' , h" and H ± . 

Let us first consider the reaction ([5]) and the corresponding T-matrix element for production of a photon with 
polarisation vector e 

e*"Tf~ = (ff-fo), 7(^,6) I T I . (A.l) 
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Here and in the following the colour and spin indices of the quarks are not written out explicitly. The function Jj| 
is defined as 



I"c (p'i,P 2 ,ki,k 2 ) 



E 



(A.2) 



spins, colours 

The calculation of this squared amplitude for the process (l5|) is straightforward and yields 



l£-~(p'i,P 2 ,h,k 2 ) = 

Ql 



4e 2 



N,- 



2 c 



(p' 2 k 2 ) 2 
1 



(m 2 + m b )((p[k 2 )(p' 2 k 2 ) - {p'xP 2 )m 2 8 + (p 2 k 2 )m 2 s ) + 2m t m b m c m s {{p' l k 2 ) - m 2 s ) 
(m 2 t + m b )((p[k 2 )(p 2 k 2 ) ~ (PiP 2 ) m l + {p'ik 2 )m 2 c ) + 2rn t m b m c m s ((p' 2 k 2 ) - m 2 c ) 
(m 2 + ml)(p / 1 p 2 )(m 2 H ^ + (p^h) + (p' 2 k 2 )) - 2m t m b m c m s (m 2 H - + (p[k 2 ) + (p' 2 k 2 )) 



QsQc 



O* + ml)(2(p' 1 p 2 ) 2 - 2(p' 1 p 2 )(p 1 k 2 ) - 2(p 1 p 2 )(p 2 k 2 ) + 2(p' 1 k 2 ) {p 2 k 2 ) - 



(p' x k 2 )(p' 2 k 2 

m \{p'\k 2 ) + m 2 (p' 2 k 2 )) + 2m t m b m c m s (2(p' 1 p' 2 ) - (p[k 2 ) - {p' 2 k 2 )) 

< rrwro V 1 ^ + m ')( 2 ^^) 2 - WM^) - (p' lP ' 2 )(p' 2 k 2 ) 
(p 2 k 2 ){kik 2 ) I 

2m 2 c {p' 1 p' 2 ) - mKp'^) + m 2 s {p' 2 k 2 )) + 2m t m b m c m s (2(p' 1 p 2 ) - (p[k 2 ) - 2(p 2 k 2 
Q s 



2mi 



(m 2 t + m 2 )(2(p' lP ' 2 ) 2 - 2{p' 1 p' 2 ){p' 2 k 2 ) - (p[p 2 )(p[k 2 ) 



+ 2m 2 {p' 1 p' 2 ) + m 2 c {p[k 2 ) - m 2 (p' 2 k 2 )) + 2m t m b m c m s (-2(p[p' 2 ) + 2(p[k 2 ) + {p' 2 k 2 ) - 2m 2 s ) 



(A.3) 



Here Q s = —1/3 and Q c = 2/3 are the charges of the s and c quark in units of the positron charge, respectively. 
The standard Higgs-boson vacuum expectation value is vq « 246 GeV. The function is defined only for momenta 
satisfying energy- momentum conservation, p[ + p' 2 — k\ + k 2 . 



We can always use energy- momentum conservation to eliminate one of the momenta in (A.3 I. Since the momentum 



one may want to eliminate differs from case to case we keep the more symmetric but redundant notation of (A.3 1. 



We have kept the masses of all quarks non- vanishing. Of course the expression (A.3) simplifies considerably if we 
neglect the s- and c-quark masses. 



Next we consider the reaction (111. We can use the standard CP transformation to relate the amplitudes for the 
reactions ^ and (111. This transformation, denoted by CP S = CP^" in [2^1 [27], is conserved in the MCPM (see 



(A.4) 



sect. 3 of and therefore we find 

e^Tf = (H+(h), 7 (k 2 ,e) \ T | c(p' 2 )) = (H~(k), e) I T \ s(p[),c(p' 2 )) 

where 

fci,2 = fc i,2 a , p[ X 2 = p[, 2 X , ? A = £A • (A.5) 



Analogously to (A.2 1 we define 



spins, colours 



(A.6) 
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A 



and find from (A. 2 1 and (A.4| 



(A.7) 



Since depends only on three linearly independent four momenta there is no parity odd scalar which can be 
formed. Thus, we get 



H~ II I 



as can also be verified directly form (A. 3). Combining (A.7 1 and (A. 8 1 we obtain 



i" + (pi ,p' 2 ,k u k 2 ) = ig~ (pi ,p' 2 MM) 



For the reaction (21 1 we write the T-matrix element similarly to ( A.l I 



e*%l „ = (hfal-yfa,*) I T | ff(pi),?(|^)> 



with q — s,c. The corresponding function is defined as 



4(K,^,fc 1; fc 2 ) = ^ (-1) T q \^{T q Yy 

spins, colours 



(A.8) 



(A.9) 



(A. 10) 



(A.11) 



This squared amplitude reads for h = h! 



(P'xk 2 )(p' 2 k 2 ) 



{P1P2) 2 - WMk 2 ) - {p' x p' 2 W 2 k 2 ) + m 2 s/c {p' t k 2 ) + rK /c {p' 2 k 2 ) - m 2 s/c (p' lP2 ) 



s/c 



(P1P2 )+{p'ik2)-{p' 2 k2)~m 



s/c 



s/c 



{p'iP 2 )-(p'ik 2 )+{p' 2 k 2 )-m 2 s 



(pifc 2 )(p 2 fc 2 ) 



(pi* a )+(i£fc) 



(A.12) 



For h = h" we find 
I^/APi^kx,k 2 ) = 



m c m 2 b/t 



(p'ik 2 )( P ' 2 k 2 ) { P \k 2 y ( P ' 2 k 2 y 



(p'iP'2) - (P'ik 2 ) - {p' 2 k2) + m 2 s/c 



1 2 



(pi *2) + (p' 2 k 2 ) 



(A. 13) 



We see that for vanishing masses m s — m c — we have I 



' = I h - 

ss/cc ss/cc' 



Let us now discuss the radiative decays of H (16 1 and H + (17). We define the corresponding amplitudes as 

e*% ff ~ = ( S (pi),c(p 2 ), 7 (fc 2 , £ ) | T | H-(fci)), e*% ff+ - <5(pi), c(p 2 ), 7 (fc 2 , e) | T | if+fr)) . (A.14) 
Next we define 

ig-( P ' 1 ,p' 2 ,k 1 ,k 2 )= J2 (-i)^(^ M r> i? c + (p'i,P2,k 1 ,k 2 )= J2 (-i)% H+ cr H+ n* ■ (A.15) 

spins, colours spins, colours 

It is easy to sec that the following crossing relation holds 

where 7^ is defined in (A.l I. From ( A.16[ ) and (A. 2 1 we get immediately 

^fs (Pi,P 2 ,ki,k 2 ) = 1% (p'i,p' 2 ,ki,-k 2 ) , 



(A.16) 



(A.17) 
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where ki = p[ + p' 2 + k 2 . The same CP arguments as used in (A.4| to (A. 9 1 give also 



l£ + (jp'n&MM = 1% (p[,P2,ki,-k 2 ) ■ (A.18) 

Finally we discuss the decay 

Kh) -> g(pi) + g(p£) + 7 (A; 2 , e) , (A.19) 
with q = s, c and h = h', h" . The corresponding amplitude and the squared amplitude are defined as follows 

(A.20) 



spins, colours 



With the same crossing arguments as used to derive ( A.16[ ) and (A. 17 1 we find 



Igs(Pl,P2,kl,k 2 ) = Ina{Pl,P 2 , fa, - fc 2) 



(A.21) 



(A.22) 



where fci = p[ + p' 2 + k 2 . 
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